Caveolins are important components of caveolae, which have been implicated in vesicular trafficking and signal transduction. To investigate the in vivo significance of Caveolins in mammals, we generated mice deficient in the caveolin-1 (cav-1) gene and have shown that, in the absence of Cav-1, no caveolae structures were observed in several nonmuscle cell types. Although cav-1 ؊/؊ mice are viable, histological examination and echocardiography identified a spectrum of characteristics of dilated cardiomyopathy in the left ventricular chamber of the cav-1-deficient hearts, including an enlarged ventricular chamber diameter, thin posterior wall, and decreased contractility. These animals also have marked right ventricular hypertrophy, suggesting a chronic increase in pulmonary artery pressure. Direct measurement of pulmonary artery pressure and histological analysis revealed that the cav-1 ؊/؊ mice exhibit pulmonary hypertension, which may contribute to the right ventricle hypertrophy. In addition, the loss of Cav-1 leads to a dramatic increase in systemic NO levels. Our studies provided in vivo evidence that cav-1 is essential for the control of systemic NO levels and normal cardiopulmonary function.
C
aveolae are 50-100 nm vesicular invaginations of the plasma membrane (1, 2) , which have emerged in recent years as the site of the important dynamic events at the plasma membrane such as vesicular trafficking, as well as signal transduction (3) (4) (5) (6) . Three family members of caveolins, structural proteins of caveolae, were identified to date (7) (8) (9) . Both caveolin-1 (cav-1), predominantly expressed in adipocytes, endothelial cells, and fibroblast cells, and caveolin-3 (cav-3), which is muscle-specific, are sufficient to drive the formation of caveolae in cells that do not have caveolins and caveolae (10) (11) (12) . Caveolins were also shown to act as scaffolding proteins to organize and concentrate specific caveolin-interacting lipids and lipid-modified signaling molecules (13) . Functional Caveolin-binding motifs have been deduced in G proteins, tyrosine and serine͞threonine kinases, and endothelial nitric oxide synthase (eNOS) (14) (15) (16) (17) (18) (19) (20) (21) . It has been proposed that Caveolins could function as a ''general kinase inhibitor'' (22) . In the resting endothelial cell, the formation of an inhibitory eNOS-Caveolin heteromeric complex may serve to ensure the latency of the NO signal until calciummobilizing extracellular stimuli destabilize this complex and activate the enzyme. It was found that agonist activation promotes the reversible, Ca 2ϩ -dependent dissociation of the eNOScaveolin complex (23) . Thus, transient changes in intracellular calcium ([Ca 2ϩ ] i ) consequent to agonist activation of endothelial cells are likely to be accompanied by cyclic changes in the interactions of eNOS with caveolin versus calmodulin. The physiological relevance of the inhibitory interaction of caveolar targeting on basal NO production was recently provided in a study on intact endothelial cells exposed to high levels of low-density lipoprotein (LDL) cholesterol (24) . As originally identified (25) , caveolae also participate in reverse cholesterol transportation by increasing Caveolin abundance to promote cholesterol trafficking and efflux. The consequence for eNOS function of this cholesterol-induced increase in Caveolin abundance is a marked decline in basal NO release, suggesting that the equilibrium between eNOS bound to Caveolin and Caveolinfree eNOS determines the basal component of eNOS-dependent NO release in endothelial cells. This interaction may be required to protect the cell from undesired, potentially cytoxic, or nonphysiological bursts of NO in response to small fluctuation in intracellular calcium (26, 27) .
Abnormalities in caveolae and͞or Caveolins have been found in various human diseases (28, 29) . Cav-1 was found as a negative regulator of the ras-p42͞p44 mitogen-activated protein kinase cascade and a potential tumor suppressor gene. The human cav-1 gene was mapped to a suspected tumor suppressor locus (7q31.1), which is often deleted in human cancer. Mutations in the cav-3 gene were found to cause autosomal dominant limbgirdle muscular dystrophy and mechanical hyperirritability of skeletal muscle in rippling muscle disease (30, 31) , demonstrating the allelism of dystrophic and nondystrophic muscle diseases. With respect to vascular diseases, a drastic increase of caveolae was reported in spontaneous hypertensive rats in the arterial endothelium, along with abnormal intracellular Ca 2ϩ homestasis (32) . In addition, involvement of Caveolins in the pathophysiology of Alzheimer's disease was reported (33) . To further investigate the in vivo function and the physiological significance of caveolae and Caveolins in mammals, several groups generated mice deficient in either cav-1 or cav-3 gene (34, 35) . These authors reported that the ablation of cav-1 leads to the elimination of caveolae in nonmuscle cells. However, cav-1 Ϫ/Ϫ mice are viable and display vascular abnormalities and pulmonary defects. The uptake and transport of macromolecules, such as albumin, was reported to be severely impaired in cav-1-deficient lung endothelial cells and the aortic segments (36) . It has also been shown that cav-1 null mice have problems with lipid metabolism and adipocyte function, resulting in the severely elevated triglyceride and free fatty acid levels and resistance to diet-induced obesity (37) .
We have independently generated cav-1 knockout mice, and, in addition to these aforementioned phenotypes, have uncovered evidence of dilated cardiomyopathy, pulmonary hypertension and resulting right ventricular hypertrophy, and elevated systemic NO levels. Taken together, these studies suggest that impairment of Caveolin function can lead to cardiac muscle injury and associated cardiomyopathy.
Materials and Methods
Generation of cav-1-Deficient Mice. The cav-1 targeting construct was generated from a 15-kb genomic fragment of cav-1 isolated from a 129SVJ mouse genomic library. Of 280 G418-resistant embryonic stem (ES) cell clones, two were identified as hologous recombinants, based on Southern blot hybridization analysis. Positive clones were microinjected into J1 1295SVJ blastocysts that were subsequently transferred to pseudopregnant females. Chimeric male mice were crossed with Black Swiss breeders.
Western Blot. An equal amount of heart and͞or lung lysates (15 g) was separated in 4-20% gradient polyacrylamide gels. Proteins were transferred onto poly(vinylidene difluoride) membrane. The blots were incubated with primary antibodies at 4°C overnight (anti-Cav-1 and anti-Cav-3, monoclonal, 1:2000, Transduction Laboratories, Lexington, KY) and with secondary antibodies at room temperature for 1 h. An enhanced chemiluminescence kit was used for detection. and 90 s at 60°C. Relative RNA equivalents for each sample were obtained by standardizing to cyclophilin levels. Each of the three samples per group was run in duplicates to determine sample reproducibility, and the average relative RNA equivalents per sample pair was used for further analysis. The primer͞probe pairs used for RT-PCR analysis were: mouse skeletal ␣-actin, 5Ј(FAM)-AGGCTGGCCCCTCCATTGTGC-(TAMRA)p3Ј, forward primer 5Ј-TGTGGATCACCAAGCAGGAGTA-3Ј and reverse primer 5Ј-TGCGCCTAGAAGCATTTGC-3Ј; mouse Glut-1, 5Ј(FAM)-CTGTGCACTGAGGGCCACA-CAA-(TAMRA)p3Ј, forward primer 5Ј-GGGCTGCCAGGT-TCTAGTC-3Ј and reverse primer 5Ј-CCTCCGAGGTCCT-TCTCA-3Ј; mouse cyclophilin, 5Ј (FA M)-CCACA A-TGT TCATGCCT TCT T TCACC-(TA MR A)p3Ј, forward primer 5Ј-CTTGTCCATGGCAAATGCTG-3Ј and reverse primer 5Ј-GTGATCTTCTTGCTGGTCTTGC-3Ј (FAM, 6-carboxyfluorescein; TAMRA, 6 carboxytetramethylrhodamine).
Transmission Electronic Microscope Examination. The cav-1
mice were perfused (10 min, RT) under anesthesia with oxygenated DMEM via the LV, followed by fixation by perfusion (10 min, RT) with 2.5% glutaraldehyde and 3% paraformalde- hyde in 0.1 M sodium cacodylate buffer (pH 7.3). Specimens were taken from different tissues and trimmed into small blocks, which were immersed into fresh fixative (1 h, RT), washed (2 times, 15 min, RT) in 0.1 M cacodylate, postfixed in Palade's OsO 4 (1 h, on ice), en bloc stained in Kellemberger's uranyl acetate (overnight, RT), dehydrated in graded ethanol and embedded in LX112 resin. Thin sections (Ϸ50 nm) were cut on a Reichert microtome, stained with lead citrate, examined and photographed under either a JEOL 1200EX or a Philips CM10 electron microscope.
In Vivo Physiological Assays. Transthoracic echocardiography (39) , hemodynamic evaluation (43) , and pulmonary artery pressure measurement (39) were performed as described.
Histochemical Analysis. Hearts and lungs from four cav-1 ϩ/ϩ and six cav-1 Ϫ/Ϫ mice at 6-12 months of age were fixed with 4% paraformaldehyde followed by dehydration and paraffin embedding. Serial of 2-to 5-m sections were stained with hematoxylin͞eosin or trichrome. The heart sections were also stained with primary antibodies against Cav-1 and Cav-3 and visualized with FITC-conjugated (for Cav-1 detection) or tetramethylrhodamine B isothiocyanate (TRITC)-conjugated (for Cav-3 detection) second antibodies.
Measurement of Plasma NO Metabolites. Mouse blood was collected by retro-orbital bleeding, and plasma was prepared with plasma separator microtubes with Lithium Heparin (Becton Dickinson). The plasma total NO was quantitatively determined based on the enzymatic conversion of nitrate to nitrite by nitrate reductase, followed by the spectrophotometric quantitation of nitrite levels using Griess reagent (Calbiochem).
Results and Discussion
Targeted Disruption of the cav-1 Gene. The murine cav-1 gene is encoded by three exons within 15 kb of genomic DNA (38) . We constructed a targeting vector in which exon 1 and 2 were replaced with the lacZ and neo genes (Fig. 1A) . The vector was introduced into J1 mouse ES cells, and G-418-resistant transformants containing the mutation in one allele of the cav-1 gene were established (Fig. 1B) . The ES clones were aggregated with 8-cell embryos, and the embryos were implanted into foster mothers. Chimeric mice derived from two clones transmitted the mutation to their offspring ( mice (data not shown). In addition, no Cav-1 protein was detected by Western blotting, whereas the cav-3 expression remained unaffected (Fig. 1D) . Immunostaining of ventricular semithin frozen sections with an antibody against Cav-1 revealed that the cav-1 expression was restricted to endothelial cells, and was not present in cardiac muscle cells in cav-1 ϩ/ϩ mice hearts, confirming the cell-specific expression pattern of the cav-1 gene (data not shown). In agreement with indicated (arrowheads) for size comparison. Interestingly, in both the heart and diaphragm muscle of cav-1 Ϫ/Ϫ mice, larger caveolae-like structures could be occasionally observed in the vessels with diameters larger than capillaries (Ͼ10 m) not surrounded by pericytes or smooth muscle cells. These structures appear to be provided with stomatal diaphragms, and were also reported by Drab et al. (35) . e, endothelial cells; mf, cardiac muscle cells.
the Western blotting analysis, no Cav-1 was detected in the ventricle of the cav-1 Ϫ/Ϫ mouse. In contrast, a similar intensity of Cav-3 staining was readily detectable in cardiac muscle cells, but not in endothelial cells in both cav-1 ϩ/ϩ and cav-1 Ϫ/Ϫ mice, eliminating the possibility of a compensatory elevation of cav-3 expression in nonmuscle cells (data not shown).
The Essential Role of Cav-1 in Caveolae Formation in Nonmuscle Cells.
Previous studies have shown that transfection of either cav-1 or cav-3 in cell lines lacking endogenous caveolins was sufficient to form caveolae (10, 13, 14) . Transmission electron microscopy analysis of specimens from different organs and tissues obtained from the cav-1 Ϫ/Ϫ animals, confirmed the structural role of Cav-1 in caveolae formation. There were no caveolae invaginations in cell types such as the microvascular endothelium, smooth muscle cells, lung type I epithelium, or fibroblasts in the cav-1 Ϫ/Ϫ mice. However, similar distribution of caveolae was found in the cardiac muscle cell plasma membrane in both cav-1 ϩ/ϩ and cav-1 Ϫ/Ϫ mice ( Fig. 2 A and B, and data not shown) . Thus, Cav-1 is essential for caveolae formation in nonmuscle cells.
Dilated Cardiomyopathy in the cav-1 ؊/؊ Mice. Despite the loss of caveolae structure, the cav-1 Ϫ/Ϫ mice are fertile and indistinguishable from the wild-type and heterozygous littermates in appearance, gross phenotype, or routine behavior. More than 90% of the null mutation mice can survive at least 12 months (n ϭ 61). However, histological examination of the cav-1 Ϫ/Ϫ mice hearts revealed dilated ventricular chambers, and thin posterior wall and septum at the age of 5 months (Fig. 3 A and B) . The cav-1 Ϫ/Ϫ mice displayed a marked increase in LV͞body weight ratio (3.28 Ϯ 0.17 mg/g, n ϭ 8) versus age-and gender-matched wild-type mice (2.73 Ϯ 0.32 mg/g, n ϭ 8; P Ͻ 0.01). Echocardiography (39) in anesthetized mice was used to evaluate in vivo cardiac function of age-matched littermates. The cav-1 Ϫ/Ϫ mice had enlarged cardiac chambers, as revealed by increased left ventricular end-diastolic dimensions (LVEDD) and end-systolic dimensions (LVESD), whereas the cav-1 ϩ/ϩ mice had LVEDD and LVESD in normal range (Fig. 3 C and D) . Both the fractional shortening percentage and mean velocity of circumferential fiber shortening, indicators of systolic cardiac function, were significantly decreased in the cav-1 Ϫ/Ϫ mice (Table 1) , indicating depressed cardiac contractility. Human heart failure and physiologically relevant experimental models of murine cardiac hypertrophy and failure exhibit increased expression of embryonic markers (40) . An approximately 2-and 4-fold increase of atrial natriuretic factor (ANF) and skeletal ␣-actin expression, respectively, was identified in cav-1 Ϫ/Ϫ mice LVs by quantitative real time RT-PCR (Fig. 3E) . Notably, the expression of Glut-1 glucose transporter was also significantly increased in cav-1 Ϫ/Ϫ mice, consistent with a switch in myocardial energy metabolism. Taken together, these findings indicated that cav-1 Ϫ/Ϫ mice exhibit dilated cardiomyopathy, as seen in the clinical setting and in analogous mouse model systems (40) (41) (42) .
Cav-1 Deficiency Causes Pulmonary Hypertension and Resulting Right
Ventricular Hypertrophy. The cav-1 Ϫ/Ϫ mice also displayed markedly hypertrophied and dilated right ventricles (RVs). Hemodynamic data revealed significant increases of RV contractility (assessed by RV dp/dt max ) and diastolic function (assessed by RV dp/dt min ) at baseline in cav-1 Ϫ/Ϫ mice compared with those in age-and gender-matched wild-type mice (Fig. 4 A and B) (43) . The RV͞body weight ratio (1.61 Ϯ 0.36, n ϭ 8) was significantly increased compared with that of cav-1 ϩ/ϩ mice (0.92 Ϯ 0.15, n ϭ 8; P ϭ 0.001). Interestingly, the LV͞RV weight ratio of cav-1 Ϫ/Ϫ mice was dramatically decreased and similar to that seen in pulmonary hypertension animal models (Fig. 4C) (44) . To directly measure the pulmonary artery pressure, pulmonary artery catheterization in anesthetized mice was performed. The pulmonary artery pressure of cav-1 Ϫ/Ϫ mice was 90% higher than that of cav-1 ϩ/ϩ mice (Fig. 4D) . The RV pressure at baseline was similar to the pulmonary artery pressure either in wild-type or mutant mice, indicating no defects in outflow tracts (i.e., pulmonary valvular defects) of the cav-1 Ϫ/Ϫ mice. This finding was also confirmed by angiography (data not shown). In addition, both the lung͞body weight ratio and liver͞body weight ratio are dramatically increased in the cav-1 51.1 Ϯ 6 .0 mg/g, respectively, n ϭ 7) versus that in the age-and gender-matched wild-type mice (5.1 Ϯ 0.4 mg/g; 43.2 Ϯ 4.2 mg/g, respectively, n ϭ 8, P Ͻ 0.01). Therefore, the loss of cav-1 and caveolae in the lung parenchyma results in pulmonary hypertension, which, in turn, causes marked RV hypertrophy that is distinct from the dilated cardiomyopathy seen in the LV chamber. Pulmonary hypertension could be caused by an intrinsic defect in the pulmonary vasculature due to the lack of Cav-1. It could also be secondary to the pulmonary fibrosis (ref. 35 , and our unpublished observation) or caused by LV dysfunction. However, the LV pressure, LV end diastolic pressure, and , an indicator of LV relaxation and diastolic function, at baseline in cav-1 Ϫ/Ϫ mice were similar to those in wild-type mice (data not shown). Therefore, pulmonary hypertension in observed cav-1 Ϫ/Ϫ mice is unlikely caused by LV dysfunction.
Increased Systemic NO in cav-1 ؊/؊ Mice. Previous studies have shown that Cav-1 can bind and negatively regulate eNOS activity (27, 45, 46) . To determine whether the loss of cav-1͞caveolae could lead to a high NO levels, we assayed the systemic NO levels in littermates of cav-1
and wild-type mice (47) . In the plasma prepared from the cav-1 Ϫ/Ϫ mice, the NO concentration was about 5-fold higher than that in the wild-type mice (1.73 Ϯ 0.37 M in cav-1 ϩ/ϩ mice, n ϭ 12; vs. 9.7 Ϯ 2.3 M in cav-1 Ϫ/Ϫ mice, n ϭ 12, P Ͻ 0.01). Western blots revealed no overt change in the expression levels of NO synthases (i.e., eNOS and inducible NOS) in the heart and lung from the cav-1 Ϫ/Ϫ mouse (data not shown), suggesting that the high NO level was most likely caused by an elevation in eNOS activity resulting in massive NO production. This finding is in agreement with recent in vitro studies that hypercholesterolemia decreased NO production by promoting the interaction of Cav-1 and eNOS and a decrease in Cav-1 abundance through atorvastatin, an inhibitor of hydroxymethylglutaryl-CoA reductase, can promote eNOS activation (26, 27) .
In conclusion, the present study reiterates the essential roles of Cav-1 in caveolae formation in nonmuscle cell types (34, 35) . Besides these findings, we provide the first evidence that defects in cav-1 can be associated with dilated cardiomyopathy in the left ventricular chamber, as well as chronic pulmonary hypertension and secondary right ventricular hypertrophy. There are several possibilities why the lack of Cav-1 in noncardiomyocytes can lead to dilated cardiomyopathy. First, the loss of Cav-1 in endothelium may cause reduced endothelial cell permeability (ref. 36, and our unpublished observation), thus limiting nutrients to the myocardium. Second, the loss of Cav-1 may cause abnormal expression of endothelium-derived factors such as tumor necrosis factor (TNF)-␣, interleukin-6, and interleukin-2, which lead to adverse effect on the myocardium. Third, endotheliumderived excessive NO provides adverse effect to the myocardium. There is increasing evidence, both in vitro and in vivo, that NO has negative inotropic effects on the myocardium. Endogenous NO reduces myocardial contractility and myocardial lactate formation during myocardium isochemia in dogs (48) . NO may also mediate the negative inotropic effects of other cytokines on the myocardium (49) . Combined with previous extensive in vitro studies on the inhibitory role of Cav-1͞caveolae on eNOS activity, our study suggests that Cav-1 inhibition of eNOS may be critical in preventing the dysregulation of systemic NO levels. Because high NO levels have been reported in cardiomyopathy and pulmonary hypertension in both human and animal models (44, (50) (51) (52) (53) (54) (55) (56) (57) , it is likely that chronic and dramatic elevations in systemic NO levels caused by the loss of Cav-1 and caveolae may contribute the cardiopulmonary defects. It will become of interest to see whether defects in the cav-1 gene are represented in patient populations with idiopathic dilated cardiomyopathy.
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